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PhotosynthesisFlowering in cotton (Gossypium hirsutum L.) is a sensitive stage to water-deﬁcit stress, but the effects on metab-
olism are notwell understood. The objective of this studywas tomonitor gas exchange responses of cottonplants
under conditions of limitedwater supply and evaluate the effects on the carbohydrate concentrations and gluta-
thione reductase levels in the cotton ﬂower. Growth chamber experiments were conducted in 2008 and 2009,
with normal day/night conditions of 32/24 °C and optimum quantities of Hoagland's nutrient solution applied
untilﬂowering. Treatmentswere imposed atﬂowering and consisted of control (Control), where optimumquan-
tities of water were applied, and water stress (WS) where 50% of optimum quantity of water was supplied.
Water-deﬁcit stress resulted in a signiﬁcant decrease in leaf stomatal conductance. Leaf photosynthetic and res-
piration rates were similarly decreased compared to the control. Ovary and style water potential of water-
stressed leaves were signiﬁcantly higher compared to the water potential of water stressed leaves, indicating
that cottonﬂowers are fairly resistant to changes in thewater status of the plant. However, carbohydrate concen-
trations of water-stressed pistils (ovary and style) were signiﬁcantly increased compared to the control and a
similar pattern was observed in the levels of glutathione reductase of water-stressed pistils. In conclusion,
water-deﬁcit stress during ﬂowering resulted in signiﬁcant decreases in leaf gas exchange functions as well as
leaf water potential. Cotton pistils appeared to be less sensitive since they were able to maintain water potential
similar to the control under limited water supply and increase glutathione reductase levels. However, pistil car-
bohydratemetabolismwas signiﬁcantly affected resulting in accumulation of both hexose and sucrose indicating
a perturbation in sucrose cleaving and hexose utilizing enzymes that could potentially have as a consequence a
decrease in fertilization and seed set efﬁciency.
Published by Elsevier B.V. on behalf of SAAB.1. Introduction
Water-deﬁcit stress is limiting plant growth and productivity in
more than 30% of cultivated areas around the world (Massaci et al.,
2008). Cotton (Gossypium hirsutum L.) a perennial with indeterminate
and complex growth pattern has been described as relatively drought
tolerant due to its origin from hot and arid areas (Lee, 1984). Cotton's
high sensitivity to water stress during ﬂowering and boll development
is well established (Constable and Hearn, 1981; Cull et al., 1981), how-
ever little attention has been given to the effects of water-deﬁcit stress
on thephysiology andmetabolismof cotton's reproductive units and es-
pecially ﬂowers with the only information existing being on petal water
potential (Trolinder et al., 1993) and ﬂower hormonal balance (Guinn
et al., 1990).
Research in other crops has indicated that carbohydrate metabolism
of plant reproductive units is greatly affected under conditions of limit-
ed water supply resulting in soluble sugar accumulation (Liu et al.,1 479 575 3975.
u@uark.edu (D.M. Oosterhuis).2004; Nguyen et al., 2010). Carbohydrate accumulation in water-
stressed leaves has been reported to be an adaptation mechanism
under stress conditions in a variety of crops, however in reproductive
units increases in carbohydrate concentrations have been reported to
result in ovary abortion (Andersen et al., 2002; Liu et al., 2004) or anther
sterility (Nguyen et al., 2010; Fu et al., 2010). Furthermore, studies in
other crops have associated high levels of reactive oxygen species
with ovary or ovule abortion (Sun et al., 2004; Hauser et al., 2005). Glu-
tathione reductase has been shown to have a critical role in embryo and
meristem development (Reicheld et al., 2007; Frottin et al., 2009),
whereas higher concentrations have been reported to decrease male
sterility in water-stressed rice anthers (Selote and Khanna-Chopra,
2004; Fu et al., 2010).
Hence, the objectives of our study was to monitor gas exchange re-
sponses of cotton plants under conditions of limited water supply and
evaluate the effect of those conditions on the carbohydrate and antiox-
idant metabolism of the cotton ﬂower. It was hypothesized that water-
deﬁcit stress during ﬂowering would severely impair leaf gas exchange
that would decrease the carbohydrate content of the reproductive units
and increase glutathione reductase levels.
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Cotton (G. hirsutum L.) cv. ST5288B2F was planted in 2008 at the
Altheimer Laboratory, University of Arkansas into forty 1 L pots contain-
ing Sunshine potting media mix #1 (SunGro Distribution Inc., Bellevue,
WA). The growth chambers (Conviron PGW36, Conviron Inc., Winnipeg,
Canada) were equipped with incandescent and ﬂuorescent lamps and
set for a 14-h photoperiod with a photosynthetic photon ﬂux density
(PPFD) of 800–850 μmol/m2s and a relative humidity of 60%. Cotton
was grown under normal day/night temperature of 32/24 °C and all
pots received half-strength Hoagland's nutrient solution daily to main-
tain adequate nutrients and water. Each pot was wrapped with a plastic
bag around the plant base to conﬁne water loss to transpiration only. At
ﬂowering (8 weeks after planting, ﬂowers at the 7th node of the plants)
container capacity was determined by the classical method of weighing
the pots before, watering to saturation and allowing for excess drainage.
Subsequently, pots were separated in two groups; Control pots received
optimum quantity of water (equal to 100% of container capacity) all
through the duration of the experiment while drought stress plants
were allowed to dry slowly until plants reachedwilting point (previously
determined) for the ﬁrst time. After that, water-stressed plants received
50% of optimumquantity ofwater (equal to 50% of container capacity) in
order to keep them at a constantwater deﬁcit stress for ten days. Stoma-
tal conductance was also measured the next day in order to ensure that
the stress was kept at the same levels.2.1. Stomatal conductance measurements
Stomatal conductance measurements were taken at the ﬁrst, ﬁfth
and tenth days into the stress from the representative fourth upper-
most, fully expanded main-stem leaf (n = 15) from 11:00 a.m. (5 h
after the lights in the growth chambers came on) until 1:00 p.m. using
a Decagon SC-1 Porometer (Decagon Inc., Pullman, WA). Day 1 of the
experiment was the day that 50% of daily quantity water was applied
after water-stressed plants had reached wilting point the previous
day. Due to the small surface area of the cuvette (6.25mm2), threemea-
surements on various areas of the leaf were taken and then averaged.
The results were expressed as mmol/m2s.2.2. Gas exchange measurements
A Li-Cor Model 6200 portable photosynthesis system (LICOR Inc.,
Lincoln, NE) was used to determine photosynthetic and respiratory
rates for the attached, fourthmain-stem leaf (n=15) from the terminal
of the plant. Measurements of photosynthesis and respiration were
taken at 12:00 pm and 1:00 pm, respectively the ﬁfth and tenth day of
the stress and the results were expressed as μmol/m2s. Incandescent
and ﬂuorescent lights were turned off in the growth chamber 10 min
before the measurements of respiration were taken and the plants
were covered with an opaque cloth during the measurements.2.3. Water potential measurements
Water potential values of leaves and pistils were determined with
screen-caged thermocouple psychrometers (model 74 series, J.R.D.
Merrill Specialty Equipment, Logan, UT) equipped with stainless steel
sample chambers using the technique described by Oosterhuis (1987).
Leaf and pistil tissues were excised and sealed in the sample chambers
within 10 s to avoid dehydration of tissues.Water potential was record-
ed after a 4-h equilibration period in an isothermal water bath that kept
the temperature constant at 25 °C. Water was condensed on the mea-
suring junction by applying a 5mA current for 15 s, and the voltage out-
put was monitored continuously with a micro-voltmeter and chart
recorder.2.4. Carbohydrate measurements
Soluble carbohydrate content was measured according to a modiﬁ-
cation of the Hendrix (1993) protocol. White ﬂowers were sampled at
12:00 pm from control and water-stressed plants during the 10-day
stress period. The pistils were excised and were oven dried for 3 days
at 50 °C and then ground with a mortar and pestle. Forty milligram of
the ground tissue were extracted 3 times with 80 °C aqueous ethanol
(800ml ethanol/L) and the samples were centrifuged after each extrac-
tion at 5000 rpm and ﬁnally the fractions were pooled. Active charcoal
(30mg)was then added to the pooled fractions in order to remove sub-
stances that could interfere with the carbohydrate measurements and
the samples were centrifuged again at 3500 rpm for 15 min at 4 °C.
The supernatantwas immediately stored at−80 °C for further determi-
nation of sucrose and hexose (fructose and glucose) with a MultiScan
Ascent Microplate Reader (Thermo Fisher Scientiﬁc Inc., Waltham,
MA). The glucose (HK) assay kit from Sigma (Sigma Chemical Company,
St Louis, MO)was used. A 20 μl aliquot of each extract was pipetted into
a well of a microtiter plate and the plate was incubated at 50 °C for
40 min to evaporate ethanol. Ten microliter of water was then added
to each well along with 100 μl of glucose assay reagent (included in
the assay kit) and the plate was incubated again for 15 min at 30 °C.
The absorbancewasmeasured three times at 340nmusing amicroplate
reader. Ten microliter phosphoglucose isomerase (0.25 EU) was added
to the extracts in each well of the plate and the absorbance was again
measured at 340 nm. Subsequently, 10 μl of invertase (83 EU) were
added to the extracts and the microtiter plate was incubated at 30 °C
for 60 min. The absorbance was measured three times at 340 nm and
the results were expressed in mg carbohydrate/mg dry weight with
the help of a standard curve made of known glucose concentrations
(0.4, 0.1, 0.01, 0.001, 0,0001 ml glucose/ml).
2.5. Glutathione reductase measurements
Glutathione reductase activitywasmeasured in pistils from sampled
white ﬂowers according to Anderson et al. (1992), with modiﬁcation.
Pistil tissue was homogenized using a mortar and pestle in an ice-cold
extraction solution (10× pistil fresh weight, pistil fresh weight about
0.1 mg) comprised of 50 mM PIPES (1,4-piperazinediethanesulfonic
acid) buffer (pH 6.8), 6 mM cysteine hydrochloride, 10 mM D-
isoascorbate, 1 mM ethylenediaminetetraacetic acid, 0.3% Triton X-100
and 1% (w/v) soluble polyvinylpyrrolidone (PVP). Solutions were fur-
ther blended for 1 min in a tube containing 0.25 g insoluble PVP and 1
drop of antifoam A emulsion using a homogenizer (Model Polytron;
Brinkman Instruments Inc., Palo Alto, CA). Subsequently, samples
were centrifuged at 12,000 rpm for 20min (4 °C) and the supernatants
were stored at−80 °C for further determination of glutathione reduc-
tase content according to Shaedle and Bassham (1977), with modiﬁca-
tion. To each well of a 96-well microtitration plate, a 15.7 μl aliquot of
enzyme extract from each sample was added to a 300 μl reaction solu-
tion containing 50 mM Tris–HCl buffer (pH = 7.5), 0.15 mM reduced
nicotinamide adenine dinucleotide phosphate (NADPH), 0.5 mM oxi-
dized glutathione, and 3 mM MgCl2. Oxidation of NADPH which was
determined as the decrease in absorbance at 340 nm during a 1 min re-
action timewasmeasured using an AscentMultiscan microplate reader
(MolecularDevices Corporation, Sunnyvale, CA), and glutathione reduc-
tase activity was expressed as GR units/g fresh weight.
2.6. Statistical analysis
The experimental design was a completely randomized design with
twenty replications in each treatment. The trends of the data of the two
growth chamber studieswere similar so the resultswere pooled and the
means were taken. Analysis of variance was performed using Student's
t-test (JMP8 software, SAS Institute, Cary, NC) for the comparison of
data. Means were considered signiﬁcantly different at α ≤ 0.05.
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3.1. Leaf stomatal conductance
Stomatal conductance rates of the fourth main-stem leaf from the
terminal were signiﬁcantly decreased under conditions of water-
deﬁcit stress (Fig. 1A). Day 1 of the experiment is the day after plants
had reached visual wilting point (the previous day) and had been
wateredwith 50% of the optimumwater quantity. Timewas not consid-
ered as a factor and the results of each day were analyzed using
Student's t-test at α ≤ 0.05. Stomatal conductance rates of water-
stressed plants were signiﬁcantly lower compared to the control
(P≤ 0.001) for days one,ﬁve and ten of the experiment. Rates of stomatal
conductance of plants receiving 50% of quantity of water were at 50.1,
38.7 and 36 mmol/m2s at the ﬁrst, ﬁfth and tenth days, respectively,
while for plants receiving optimumquantities of water stomatal con-
ductance rates were 220.9, 227.3 and 291.2 mmol/m2s.
3.2. Photosynthesis and respiration
Leaf photosynthetic and respiratory rates of water-stressed plants
were signiﬁcantly decreased compared to the control. PhotosynthesisFig. 1. (A) Effect ofwater-deﬁcit stress on leaf stomatal conductance one,ﬁve and ten days
after imposition of stress. (B) Effect of water-deﬁcit stress on leaf photosynthetic rates of
control and water-stressed plants on the 5th day and the 10th day of stress averaged.
(C) Effect of water-deﬁcit stress on leaf respiration rates of control and water-stressed
plants on the 5th day and the 10th day of stress averaged. Points within the same date
with the same letter are not signiﬁcantly different (P= 0.05). Columnswith the same let-
ter are not signiﬁcantly different (P = 0.05). Error bars represent ±1 standard error.and respiration rates were determined from ﬁfteen replications from
each treatment and a two factor factorial design (main factors being
water regime and days). Leaf photosynthesis of water-stressed plants
was signiﬁcantly lower compared to the control (Fig. 1B), with leaf pho-
tosynthetic rates of water-stressed plants being nearly 40% lower com-
pared to the control. A similar pattern was observed in the respiration
activity of leaves (Fig. 1C), with leaf respiratory rates being nearly 39%
decreased compared to the control.
3.3. Water potential
Tissuewater potential was determined form leaves and ﬁrst position
white ﬂowers collected the ninth day and the tenth day of the experi-
ments. Eight ﬂowers and their respective fourth-main stem leaves
from each treatment were randomly chosen and the effect of water re-
gime on leaf and pistil water potential was determined. Limited water
supply resulted in a nearly 50% decrease of leaf water potential
(Fig. 2A), whereas pistil water potential remained unaffected. Addition-
ally, pistil water potential (Fig. 2A)was at similar levels as leafwater po-
tential of the control plants.
3.4. Total soluble carbohydrate content
Carbohydrate content of the pistils was determined from 25 replica-
tions collected from each treatment and the effects of water-deﬁcit
stress on carbohydrate concentrations were estimated. Water-stressed
pistils contained signiﬁcantly higher concentrations of hexose
(Fig. 2B) (P = 0.0075) as well as sucrose (Fig. 2C) (P = 0.0033) com-
pared to pistils from plants receiving optimum quantity of water.
Speciﬁcally,water-deﬁcit stress resulted in a 14% and a 64%higher accu-
mulation of hexose and sucrose, respectively, in pistils.
3.5. Glutathione reductase levels
Glutathione reductase activity of the pistils was measured from 15
ﬂowers collected from each treatment whenever they were available
and the differences between treatmentswere analyzed. Similarly to car-
bohydrate results glutathione reductase activity (Fig. 2D) of water
stressed pistils was signiﬁcantly higher (P = 0.0011) compared to the
control. However, the magnitude of the increase was higher with
water-stressed pistils containing 94% more glutathione reductase com-
pared to the control.
4. Discussion
Stomatal conductance of water-stressed plants was signiﬁcantly
lower compared to the control in our experimentwhich is in accordance
with Wullschleger and Oosterhuis (1990), Kawakami et al. (2010) and
da Costa and Cothren (2011)who in experimentswith potted plants re-
ported that water-stressed cotton plants had signiﬁcantly lower stoma-
tal conductance rates compared to the control.
Similar to stomatal conductance leaf photosynthetic rates of water-
stressed plants in our study were signiﬁcantly decreased. Previous re-
search in cotton has indicated that water-deﬁcit stress, imposed at any
developmental stage and at various intensities, results in great depres-
sion of leaf photosynthetic rate (Faver et al., 1996; Leidi et al., 1999;
da Costa and Cothren, 2011) due to a combination of stomatal and
non-stomatal limitations. Pettigrew (2004) described a biphasial re-
sponse of leaf photosynthetic rates in ﬁeld-grown cotton where leaf
photosynthesis was initially increased in the morning and decreased
in the afternoon. He speculated that this biphasial response could be at-
tributed to the hydraulic conductivity of the soils in the Mississippi
Delta that allowed the plants to rehydrate during the night and recover
their photosynthetic activity in the morning.
Photosynthesis is unavoidably connected with respiration since
their balance ultimately determines plant growth and productivity
Fig. 2. (A) Effect of water-deﬁcit stress on leaf and pistil water potential on the 10th day of
stress. Columnswith the same letter are not signiﬁcantly different (P= 0.05). (B) Effect of
water-deﬁcit stress on pistil hexose concentrations of control and water stressed-plants.
(C) Effect of water-deﬁcit stress on pistil sucrose concentration of control and water-
stressed plants. (D) Effect of water-deﬁcit stress on pistil glutathione reductase levels of
control and water-stressed plants. Columns with the same letter are not signiﬁcantly dif-
ferent (P = 0.05). Error bars indicate ±1 standard error.
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ilarly to photosynthesis, however the observed decreases were smaller
than those reported for photosynthetic rates. This is in accordance
with the observation by Boyer (1970) that photosynthesis is more sen-
sitive than respiration under conditions of water stress. In addition,
even though rates of photosynthesis determine respiration rates
under well-watered conditions (Noguchi et al., 2005), it has been sug-
gested that this is not the case under conditions of water stress, where
respiration seems to be dependent more on plant growth rate rather
on photosynthetic rate and availability of assimilates (Wilson et al.,
1980).Decreased leaf respiration rates under conditions of limitedwater sup-
ply have been reported by anumber of researchers (Gonzalez-Meler et al.,
1997; Escalona et al., 1999; Haupt-Herting et al., 2001).Pallas et al. (1967)
reported a biphasial response for cotton where leaf respiration of
water-stressed plants initially decreased and then increased under
conditions of more severe stress. On the contrary, Wullschleger and
Oosterhuis (1990) reported that boll respiration remained unaffected
under conditions of mild water stress and signiﬁcantly decreased once
the stress became more severe, however this differential response
could be attributed to the different types of tissues investigated.
Our results, which is the ﬁrst documentation of respiration changes
under water-deﬁcit stress in modern cotton cultivars are supporting
much earlier work by Pallas et al. (1967) and are in agreement with
Escalona et al. (1999) in grape (Vitis vinifera), and Haupt-Herting et al.
(2001) in tomato (Lycopersicon esculentum).
Despite cotton's ability to maintain leaf turgor under conditions of
water stress through osmotic adjustment (Nepomuceno et al., 1998),
leaf water potential of water-stressed plants was signiﬁcantly lower
compared to the control in accordance with Trolinder et al. (1993),
Kawakami et al. (2010) and da Costa and Cothren (2011). On the
contrary, ovary water potential of water-stressed plants remained
unaffected and signiﬁcantly higher compared to the water potential of
the leaves showing cotton ﬂowers to be relatively insensitive to the
water status of the plant (Fig. 2). In support of our observations
Wullschleger and Oosterhuis (1990) reported that capsule wall water
potentials of bolls varying in age and subjected to water stress were
similar to the control and signiﬁcantly higher than leaf water potential
values. In addition, Trolinder et al. (1993) reported that even though
water potential of petals of water-stressed ﬁeld-grown cotton plants
ﬂuctuated similarlywith plantwater status, their water potential values
remained unaffected compared to the control and higher than the
leaves. They speculated that metabolic reasons, such as rapid break-
down of solutes, could be the reason for this inverted gradient, however
further research by Van Iersel and Oosterhuis (1995, 1996) concluded
that cotton reproductive units are apoplastically isolated due to fruit
xylem connections being immature until three weeks past anthesis,
and water potential gradient is directed from the fruits to the leaves
since themain entrance ofwater in cotton reproductive units is through
the phloem. Insensitivity of reproductive units to water stress has been
reported for wheat as well as rice and maize (Tsuda and Takami, 1993;
Sheoran and Saini, 1996; Westgate et al., 1996; Saini, 1997). However,
unlike cotton, immunity of ﬂoral organs of wheat, rice and maize was
only evident if water-stress conditions were imposed on the plants
prior to meiosis and this was attributed either to the limited transpira-
tion rates of the ﬂoral organs or to the hydraulic isolation between the
ﬂoral stalk and the pericarp. Water stress at anthesis resulted in signif-
icant decreases in panicle and silk water potential in rice andmaize, re-
spectively (Tsuda and Takami, 1993; Westgate et al., 1989). It was
suggested that increased transpiration rates from the exposed tissues
should be the reason for those lower water potential values. Further re-
search with covered rice panicles however, revealed that transpiration
was not the driving force for those lowered water potentials (Garrity
et al., 1986) and ﬂower sterility still occurred indicating that other func-
tions were affected.
One of themetabolic functions that have been reported to be greatly
affected under conditions of water-deﬁcit stress is carbohydratemetab-
olismof plant reproductive structures. Increased sucrose concentrations
due to down-regulation of sucrose cleaving enzymes, such as invertase
and sucrose synthase, under low water potentials have been described
in a number of crops (Zinselmeier et al., 1995, 1999; Sheoran and
Saini, 1996; Setter et al., 2001; Nguyen et al., 2010), while higher than
control concentrations of hexoses have been linked to decreased activ-
ity of enzymes that participate in the glycolysis cycle, a major provider
of energy in the cells (Nguyen et al., 2010). In our study, both hexose
and sucrose concentrations of water-stressed pistils were signiﬁcantly
higher compared to the control in accordance with Lalonde et al.
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Nguyen et al. (2010), Fu et al. (2010) in rice aswell as Liu et al. (2004) in
soybean. However, the increased sugar concentrations in our study oc-
curred at pistil water potential levels similar to the control leading us
to assume that accumulation of sugars might be the physiological re-
sponse to maintain water potential levels through osmotic adjustment.
Nevertheless, an impairment of carbohydrate enzyme activity should
not be excluded since Chang and Ryan (1987) reported signiﬁcant in-
creases in sucrose concentrations of water-stressed leaves, indicating
in addition that sucrose synthase activity remained unaffected from
water stress whereas sucrose–phosphate synthase activity was signiﬁ-
cantly increased. Similarly, increasedhexose concentrations could be at-
tributed to lack of utilization through glycolysis, which is further
supported by the ﬁndings of Wullschleger and Oosterhuis (1990) that
capsule wall respiration rates were decreased under conditions of
water stress. Further research is needed in order to elucidate whether
impairment of carbohydrate enzyme function is also responsible for ac-
cumulation of carbohydrates in cotton's reproductive units.
A similar pattern to the increasing carbohydrate concentrations was
observed in pistil glutathione reductase, with its activity being signiﬁ-
cantly higher in the water-stressed pistils compared to the control.
Water-deﬁcit stress is intimately connected with increased oxidative
stress as a result of higher production of reactive oxygen species
(ROS) (Miller et al., 2010) and plants are able to prevent damage
to cellular components due to a highly regulated and rapidly responsive
antioxidant system, comprising of enzymatic and non-enzymaticmech-
anisms, that balances production and scavenging of ROS (Miller et al.,
2010). Similar increases in glutathione reductase activity in reproductive
structures under conditions ofwater-deﬁcit stress have been observed in
rice anthers by Selote and Khanna-Chopra (2004) and Fu et al. (2010)
and those increases were associated with enhanced drought tolerance.
In agreementwith our results, Burke et al. (1985) observed that glutathi-
one reductase activity was consistently higher in leaves of cotton plants
grown under dryland conditions compared to the control, however,
Mahan and Wanjura (2005) and Kawakami et al. (2010) reported that
glutathione reductase activity of water-stressed leaves was unaffected
however, we speculate that this is either due to the different growth
stages in which stress was applied in their studies since glutathione re-
ductase activity has been shown to ﬂuctuate during the season (Burke
et al., 1985) or due to the ways that the stress was imposed.
In conclusion, water-deﬁcit during ﬂowering in cotton resulted in
compromises in leaf physiology with stomatal conductance, photosyn-
thesis as well as respiration rates being signiﬁcantly decreased compared
to the control. Similarly, leaf water potential was lower compared to the
control showing that the osmotic adjustment mechanism of cotton was
unable to maintain the water potential gradients under conditions of
stress. On the contrary, pistil water potential of water-stressed plants
was similar to those of the control and signiﬁcantly higher compared to
the leaves. Higher concentrations of sucrose and hexose were found in
water-stressed pistils compared to the control which could justify the
ability of reproductive units to maintain a high water potential under
conditions of stress. However, increases in glutathione reductase activity
of water-stressed indicate metabolical implications in cotton ﬂower's
response to limited water supply. Evidence of cross-talking between
carbohydrate and antioxidative metabolism has been reported for other
crops (Koch, 2004) suggesting further investigation on the activity of su-
crose cleaving enzymes aswell as glycolysis enzymes in order to elucidate
whethermetabolic inhibitions are implicated in the sugar and antioxidant
accumulations observed under water deﬁcit stress.References
Andersen, M.N., Asch, F., Wu, Y., Jensen, C.R., Naested, H., Morgensen, V.O., Koch, K.E.,
2002. Soluble invertase expression is an early target of drought stress during the crit-
ical, abortion-sensitive phase of young ovary development in maize. Plant Physiology
130, 591–604.Anderson, J.V., Chevone, B.I., Hess, J.L., 1992. Seasonal variation in the antioxidant system
of eastern white pine needles. Plant Physiology 98, 501–508.
Boyer, J.S., 1970. Leaf enlargement and metabolic rates in corn, soybean, and sunﬂower at
various leaf water potentials. Plant Physiology 46, 233–235.
Burke, J.J., Gamble, P.E., Hatﬁeld, J.L., Quinsberry, J.E., 1985. Plant morphological and bio-
chemical responses to ﬁeld and water deﬁcits. I. Responses of glutathione reductase
activity and paraquat sensitivity. Plant Physiology 98, 1222–1227.
Chang, C.W., Ryan, R.D., 1987. Effects of water stress on starch and sucrose metabolism in
cotton leaves. Starch 39, 84–87.
Constable, G.A., Hearn, A.B., 1981. Irrigation of crops in a subhumid climate, 6: effects
of irrigation and nitrogen fertilizer on growth, yield and quality of cotton. Irrigation
Science 2, 17–28.
Cull, P.O., Hearn, A.B., Smith, R.C.G., 1981. Irrigation scheduling of cotton in a climate with
uncertain rainfall. I. Crop water requirements and response to irrigation. Irrigation
Science 2, 127–140.
da Costa, V.A., Cothren, J.T., 2011. Drought effects on gas exchange, chlorophyll, and
plant growth of 1-methylcyclopropene treated cotton. Agronomy Journal 103,
1230–1241.
Escalona, J.M., Flexas, J., Medrano, H., 1999. Stomatal and non-stomatal limitations of pho-
tosynthesis under water stress in ﬁeld grown grapevine. Australian Journal Plant
Physiology 36, 421–433.
Faver, K.L., Gerik, T.J., Thaxton, P.M., El-Zik, K.M., 1996. Late season water stress in cotton:
II. Leaf gas exchange and assimilation capacity. Crop Science 36, 922–928.
Frottin, F., Espagne, C., Traverso, J.A., Mauve, C., Valot, B., Lelarge-Trouverie, C., Zivy, M.,
Noctor, G., Meinnel, T., Giglione, C., 2009. Cotranslational proteolysis dominates glu-
tathione homeostasis to support proper growth and development. Plant Cell 21,
3296–3314.
Fu, G.F., Song, J., Li, Y., Le, M.K., Xiong, J., Tao, L.X., 2010. Alterations of panicle antioxidant
metabolism, carbohydrate content and pistil water potential involved in spikelet ste-
rility in rice under water stress. Rice Science 17, 457–467.
Garrity, D.P., Oldman, L.R., Morris, R.A., 1986. Rainfed lowland rice ecosystems:
characterization and distribution. Progress in Rainfed Lowland Rice. IRRI, The
Philippines, pp. 3–23.
Gonzalez-Meler, M.A., Matamala, R., Penuelas, J., 1997. Effects of prolonged drought stress
and nitrogen deﬁciency on the respiratory O2 uptake of bean and pepper leaves.
Photosynthetica 34, 505–512.
Guinn, G., Dunlap, J.R., Brummett, D.L., 1990. Inﬂuence of water deﬁcits on the abscisic
acid and indole-3-acetic acid contents of cotton ﬂower buds and ﬂowers. Plant Phys-
iology 93, 1117–1120.
Haupt-Herting, S., Klug, K., Fock, H.P., 2001. A new approach to measure gross CO2 ﬂuxes
in leaves. Gross CO2 assimilation, photorespiration and mitochondrial respiration in
the light in tomato under drought stress. Plant Physiology 126, 388–396.
Hauser, B.A., Sun, K., Oppenheimer, D., Sage, T.L., 2005. Changes in mitochondrial mem-
brane potential and accumulation of reactive oxygen species precede ultrastructural
changes during ovule abortion. Planta 223, 492–499.
Hendrix, D.L., 1993. Rapid extraction and analyses of nonstructural carbohydrates in plant
tissues. Crop Science 33, 1306–1311.
Kawakami, E.M., Oosterhuis, D.M., Snider, J.L., 2010. Physiological effects of 1-
methylcyclopropene on well-watered and water-stressed cotton plants. Journal of
Plant Growth Regulation 29, 280–288.
Koch, K.E., 2004. Sucrose metabolism: regulatory mechanisms and pivotal roles in sugar
sensing and plant development. Current Opinion in Plant Biology 7, 235–246.
Lalonde, S., Morse, D., Saini, H.S., 1997. Expression of a wheat ADP-glucose pyrophos-
phorylase gene during development of normal and water-stress-affected anthers.
Plant Molecular Biology 34, 445–453.
Lambers, H., Chapin, F.S., Pons, T.L., 1998. Plant Physiological Ecology. Springer-Verlag,
New York, pp. 251–268.
Lee, J.A., 1984. Cotton as a world crop. In: Kohel, R.J., Lewis, C.F. (Eds.), Cotton Agronomy
Monograph. American Society of Agronomy, Madison, WI, Madison, pp. 1–25.
Leidi, E.O., López, J.M., Gorham, J., Gutiérrez, J.C., 1999. Variation in carbon isotope dis-
crimination and other traits related to drought tolerance in upland cotton cultivars
under dryland conditions. Field Crops Research 61, 109–123.
Liu, F., Jensen, C.R., Andersen, M.N., 2004. Drought stress effect on carbohydrate concen-
tration in soybean leaves and pods during early reproductive development: its impli-
cation in altering pod set. Field Crops Research 86, 1–13.
Mahan, J.R., Wanjura, D.F., 2005. Seasonal patterns of glutathione and ascorbate metabo-
lism in ﬁeld-grown cotton under water stress. Crop Science 45, 193–201.
Massaci, A., Nabiev, S.M., Petrosanti, L., Nematov, S.K., Chernikova, T.N., Thor, K., Leipner, J.,
2008. Response of the photosynthetic apparatus of cotton (Gossypium hirsutum L.)
to the onset of drought stress under ﬁeld conditions studied by gas-exchange
analysis and chlorophyll ﬂuorescence imaging. Plant Physiology and Biochemistry
46, 189–195.
Miller, G., Suzuki, N., Yilmaz, S., Mittler, R., 2010. Reactive oxygen species homeostasis
and signaling during drought and salinity stresses. Plant, Cell & Environment 33,
453–467.
Nepomuceno, A.L., Oosterhuis, D.M., Stewart, J.M., 1998. Physiological responses of cotton
leaves and roots to water deﬁcit induced by polythelene glycol. Environmental and
Experimental Botany 40, 29–41.
Nguyen, G.N., Hailstones, D.L., Wikes, M., Sutton, B.G., 2010. Role of carbohydrate metab-
olism in drought-inducedmale sterility in rice anthers. Journal of Agronomy and Crop
Science 196, 346–357.
Noguchi, K., Taylor, N.L., Millar, A.H., Lambers, H., Day, D.A., 2005. Response of mitochon-
dria to light intensity in the leaves of sun and shade species. Pant, Cell & Environment
28, 760–771.
Oosterhuis, D.M., 1987. A technique to measure the components of root water potential
using screen-caged thermocouple psychrometers. Plant and Soil 103, 285–288.
136 D.A. Loka, D.M. Oosterhuis / South African Journal of Botany 93 (2014) 131–136Pallas, J.E., Michel, B.E., Harris, D.G., 1967. Photosynthesis, transpiration, leaf temperature,
and stomatal activity of cotton plants under varying water potentials. Plant Physiol-
ogy 42, 76–88.
Pettigrew, W.T., 2004. Physiological consequences of moisture deﬁcit stress in cotton.
Crop Science 44, 1265–1272.
Reicheld, J.P., Khaﬁf, M., Riondet, C., Droux, M., Bonnard, G., Meyer, Y., 2007. Inactivation
of thioredoxin reductases reveals a complex interplay between thioredoxin and glu-
tathione pathways in Arabidopsis development. Plant Cell 19, 1851–1865.
Saini, H.S., 1997. Injuries to reproductive development under water stress, and their con-
sequences for crop productivity. Journal of Crop Production 1, 137–144.
Selote, D.S., Khanna-Chopra, R., 2004. Drought-induced spikelet sterility is associatedwith
an inefﬁcient antioxidant defense in rice panicles. Physiologia Plantarum 121,
462–471.
Setter, T.L., Flannigan, B.A., Melkonian, J., 2001. Loss of kernel set due to water deﬁcit and
shade in maize: carbohydrate supplies, abscisic acid, and cytokinins. Crop Science 41,
1530–1540.
Shaedle, M., Bassham, J.A., 1977. Chloroplast glutathione reductase. Plant Physiology 59,
1011–1012.
Sheoran, I.S., Saini, H.S., 1996. Drought induced male sterility in rice. Changes in carbohy-
drate levels and enzyme activities associated with inhibition of starch accumulation
in pollen. Sexual Plant Reproduction 9, 161–169.
Sun, K., Hunt, K., Hauser, B.A., 2004. Ovule abortion in Arabidopsis triggered by stress.
Plant Physiology 135, 2356–2367.Trolinder, N.L., McMichael, B.L., Upchurch, D.R., 1993. Water relations of cotton ﬂower
petals and fruits. Plant, Cell & Environment 16, 755–760.
Tsuda, M., Takami, S., 1993. Changes of water potential in rice panicle under increasing
drought stress at various stages. Japanese Journal of Crop Science 62, 41–46.
Van Iersel, M.W., Oosterhuis, D.M., 1995. Diurnal water relations of expanding and full-
sized cotton fruits and their subtending leaves. Plant, Cell & Environment 18,
807–812.
Van Iersel, M.W., Oosterhuis, D.M., 1996. Drought effects of the water relations of cotton
fruits, bracts and leaves during ontogeny. Environmental and Experimental Botany
36, 51–59.
Westgate, M.E., Thomson, T., Grant, D.L., 1989. Water deﬁcits and reproduction in maize.
Response of the reproductive tissue to water deﬁcits at anthesis and mid-grain ﬁll.
Plant Physiology 91, 862–867.
Westgate, M.E., Passioura, J.B., Munns, R., 1996. Water status and ABA content of ﬂoral or-
gans in drought-stressed wheat. Australian Journal of Plant Physiology 23, 763–772.
Wilson, D.R., Bavel, C.H.M., McCree, K.J., 1980. Carbon balance of water deﬁcit grain sor-
ghum plants. Crop Science 20, 153–159.
Wullschleger, S.D., Oosterhuis, D.M., 1990. Photosynthetic and respiratory activity of
fruiting forms within the cotton canopy. Plant Physiology 94, 463–469.
Zinselmeier, C., Schussler, J.R., Westgate, M.E., Jones, R.J., 1995. Low water potential dis-
rupts carbohydrate metabolism in maize ovaries. Plant Physiology 107, 385–391.
Zinselmeier, C., Jeong, B.R., Boyer, J.S., 1999. Starch and the control of kernel number in
maize at low water potentials. Plant Physiology 121, 25–35.
